Candidate vaccines and immunotherapeutic drugs often fail in clinical trials as human lymph node (LN) physiology is not faithfully modeled in animal models or immune cell cultures. Here we describe a microfluidic Organ Chip culture device that supports self-assembly of human blood-derived B and T lymphocytes into threedimensional (3D), germinal center-like lymphoid follicles (LFs) containing Activation-Induced Cytidine Deaminase (AID) expressing lymphocytes. These microengineered LFs support plasma cell differentiation upon activation with IL-4 and CD40 agonistic antibody (AB) or inactivated S. aureus Cowan I (SAC). Immunization of the human LN chip with a quadrivalent split virion influenza vaccine resulted in plasma cell formation, viral strainspecific anti-hemagglutinin immunoglobulin G (IgG) production, and a secreted cytokine profile that recapitulates serum responses of vaccinated humans. Thus, the human LN chip may provide a new tool to study human immune reactions, evaluate vaccine responses, and validate the efficacies and toxicities of immunotherapies in vitro.
INTRODUCTION
New vaccines and immunotherapies are evaluated in animal models, which can lead to unpredicted toxicities or poor efficacy in clinical trials because of species-specific differences in immune responses (1) . Preclinical experiments are also conducted in vitro, using human immune cells collected from blood; however, even these results can fail in predicting responses in human patients (2, 3) . One major reason for this failure is that in vivo immune responses commonly occur within the highly specialized microenvironment of the LN that has unique niches, including LFs within its cortex. DNA modifying enzymes required by B cells to switch from one Ab isotype to another, such as AID, are only expressed by B cells resident within the LN (4) . Upon immune activation by antigen, helper T cells in the LF enable the B cells to switch isotypes and produce high affinity Abs; when activated, LFs are called germinal centers. Class switching is defective in mice or patients lacking functional LNs, leading to recurrent infections and morbidity despite preserved in vitro lymphocyte functionality (5, 6) . Strong antigens induce extrafollicular Ab production, but this can be limited to IgM, with short lived plasma cells, and poor memory responses. Affinity maturation by somatic hypermutation also only occurs in the germinal center (7, 8) .
To accurately predict the safety and efficacy of vaccines, it is therefore necessary to study class switching, plasma cell differentiation, and Ab production within a human LN microenvironment that recapitulates physiologically relevant LF structure and function. Others have studied cultured human tonsillar lymphocytes obtained from patients (9, 10) or created putative 3D models of the LN (11, 12) , but these experimental systems do not demonstrate LN-like biomarkers, de novo LF formation or survival of plasma cells. Here, we describe how Organ Chip microfluidic culture technology, which has been successfully used to recapitulate both normal physiology and disease states in multiple other human organs (e.g., lung, intestine, kidney, bone marrow, brain, etc.) (13) (14) (15) (16) (17) (18) (19) , can be applied in combination with human bloodderived lymphocytes to create a functional LN model. This human LN chip exhibits spontaneous LF formation, induction of class switching, and plasma cell development in response to bacterial stimuli, antigen-specific Abs, as well as physiologically relevant human vaccination responses to a commercial influenza vaccine.
RESULTS

Perfusion-induced assembly of T and B lymphocytes into LFs on-chip
We used a microfluidic Organ Chip device composed of two channels separated by a porous membrane (19) in which human T and B lymphocytes isolated from apheresis collars were cultured within a gel composed of Matrigel and type I collagen at a high density (1.5-2 x 10 8 cells/ml; 1:1 ratio) in the lower channel while being supplied with oxygen and nutrients through continuous perfusion of culture medium through the upper channel ( Fig. 1A; Supplementary   Fig. 1A ). This cell density was utilized because high density lymphocyte suspension cultures have been shown to be more predictive of clinical responses than lower density cultures (20) . In contrast to past studies where only small cell aggregates were observed (21) , the unstimulated T and B lymphocytes self-assembled into larger LFs along the entire length of the channel after 3-4 days of culture on-chip ( Fig. 1B, Supplementary Fig. 1B) , which contained both T and B cells that stained positively for CTLA-4 ( Supplementary Fig. 1C ).
The T and B cells were found to be in close contact within the follicles, forming cell synapses on-chip ( Supplementary Fig. 1C) , with polarized expression of the T cell co-receptor CD3 (Fig.   1C ). Culture of lymphocytes on ECM coated plates has been shown to induce a similar tissuelike polarization in circulating T cells (20, 22) . However, we found T cell polarization to be significantly increased in the Organ Chip cultures containing cells in 3D ECM gels whether maintained under static or perfused conditions compared to cells on planar 2D culture (Fig. 1C) .
Interestingly, dynamic perfusion of the LN Chip resulted in realignment of fibrils within the ECM gel relative to static gels ( Fig. 1D) , which was accompanied by a significant increase in the number and size of the follicles compared to static 3D ECM gel cultures after 3 days of perfusion ( Fig. 1D,E; Supplementary Fig. 1E ). LF formation in static 3D cultures was only observed in ~ 25% (1/4) of the human donors, whereas 100% (6/6) of the perfused LN Chip cultures formed LFs that were also significantly larger in volume ( Fig. 1E) . LF formation requires the chemokine CXCL13 in murine models (23) and CXCL13 plasma levels have been correlated with follicle formation and vaccine responses in humans (24, 25) . We similarly found that CXCL13 is expressed over 4 to 8 days of culture under baseline conditions, and that exposure of the LN Chip to the bacterial stimulant SAC significantly increased CXCL13 expression at day 8 (Fig. 1F) . The total number of LFs decreased by 7 days of culture in the absence of antigenic activation ( Supplementary Fig. 1D) .
B cell activation and AID expression
B cells in the blood are a minor population compared to T lymphocytes and they are composed largely of naïve B cells characterized as IgD+ CD27-cells. On the other hand, tonsils that contain multiple LFs have a high number of B cells, only about half of which are IgD+ (26, 27) ( Fig. 2A) . Auto-activation of B cells in high density cultures has been reported previously (28) and we observed a similar response: isolated B cells increased their expression of CD27 and production of both IgM and IgG under static 3D culture conditions ( Supplementary Fig. 2A,B) .
In contrast, B cells cultured at high density in the perfused LN chip under baseline unstimulated conditions remained naïve, as indicated by a high frequency of IgD+ CD27-cells that was similar to isolated PBMCs and significantly higher than that of naïve B cells in tonsils ( Fig. 2A) .
Further, the naïve B cells on-chip only produced IgM (Supplementary Fig. 2B ).
The critical Ab class switching response that shifts IgM to IgG production occurs in the LN in vivo. This process results from the action of enzymes, such as AID, that are specifically expressed in LN-resident B cells (4) . Importantly, we detected AID expression in B cells that appeared within LFs as well as in some single cells within the LN Chip using immunofluorescence confocal microscopy ( Fig. 2B; Supplementary Fig. 3A ). When we quantified the number of AID+ B cells within LFs, we found that AID expression increased linearly with follicle size until the aggregates reached about 120 um 2 in projected area ( Fig. 2C) but saturated thereafter ( Supplementary Fig. 3B ). The perfused LN Chips also exhibited greater total AID expression as they promoted more LF formation compared to static cultures ( Supplementary Fig. 3C ).
Class switching and plasma cell differentiation
Naïve CD27-B cells isolated from apheresis collars using CD27 depletion ( Supplementary Fig.   4 ) were combined with T cells, integrated into LN Chips, and stimulated with IL4 and anti-CD40 Ab, which have been previously shown to induce class switching. IgG was detected in the effluents of the LN Chips stimulated with IL4 and anti-CD40 Ab (Fig. 3A) , confirming that B cells undergo class switching in vitro under these conditions. Moreover, formation of CD138+ plasma cells was detected in a large number of follicles by day 7 in the stimulated LN Chips (Fig. 3B) .
While CD138 expression could be detected in some single cells, they preferentially co-localized with clustered cells in the self-assembled LFs (Fig. 3C) . As bacteria drain to the LNs near regions of infection, we also used SAC antigen to mimic the presence of dead bacteria in the LN Chip. Exposure to SAC similarly induced plasma cell formation ( Fig. 3D) , which again was preferentially located within the LFs (Fig. 3E) . Importantly, SAC-treated chips also produced robust IgG responses ( Fig. 3F) . Thus, the LN Chip is able to undergo class switching, form plasma cells, and generate polyclonal IgG Abs in response to a bacterial antigens in vitro.
LN Chip recapitulates the human response to influenza vaccination in vitro
Protective immunity requires plasma cell production of antigen-specific Abs. To explore whether we could generate a physiologically relevant vaccination response in vitro, we tested the widely used, split virus quadrivalent influenza vaccine, Fluzone. As vaccine antigens are presented by dendritic cells (DC) in the draining LN in vivo, we differentiated autologous DCs from monocytes and included them in the ECM gel along with B and T cells as 2% of the total population. Human LN chips generated using cells from 8 different donors were vaccinated with the Fluzone.
Unfortunately, we found that the sensitivity of plate-based ELISA methods and hemagglutination inhibition assays commonly used to detect anti-influenza hemagglutinin (HA) Abs in human serum, is too low for analysis of chip effluents (Supplementary Fig. 5A ). Thus, we modified a high sensitivity digital ELISA assay (29) to detect anti-HA Abs that bind to the HA specific for the influenza A virus used in the Fluzone formulation. These studies revealed that all donors produced Abs at detectable levels, however, they were either low-or high-responders when compared to whole tonsil controls ( Fig. 4A) . Abs were first detectable in the chip effluents about 5 days after immunization and their levels increased significantly over the following week in both the low and high responder groups (Fig. 4B) . Plasma cells also were detected in the vaccinated chips made with cells from donors that exhibited levels of Ab production at 5 days after immunization ( Fig. 4C) , which is the same time when circulating plasma cells can first be detected in the blood of vaccinated individuals (30) . Also, as expected based on past work showing the importance of antigen-presenting DCs for generation of a vaccination response (31), we found that when DCs were not included in the LN Chips, there as a significant reduction in levels of anti-influenza specific IgG ( Fig. 4D ) and CXCL13 ( Fig. 4E) . Interestingly, levels of CXCL13 measured on-chip at an early time (5 days post vaccination) were also predictive of anti-influenza Ab responses in the high responder group (Fig. 4F) . Finally, when we quantified levels of 5 cytokines that are important for T cell expansion, survival and helper functions (IFN-γ, IL10, IL2, GM-CSF and IL7) within the effluent of the vaccinated LN Chips.
When we compared these results to levels measured in the serum of human volunteers vaccinated with influenza vaccines, we confirmed that the human LN Chip exhibited cytokine profiles that were highly similar to those observed in human volunteers in vivo (Fig. 4G) .
DISCUSSION
Animal models are the gold standard for advancing vaccine candidates and immunotherapeutics. However, the immune systems of animals are significantly different from humans, which has led to unpredicted toxicities or poor efficacy when vaccines and immunotherapies enter clinical trials (1) . For example, the severe cytokine syndrome that developed in patients enrolled in the phase I clinical trial of the CD28 superagonist TGN1412 was never observed in preclinical animal models (2) . Similarly, the tuberculosis vaccine MVA85A, which produced high levels of protection in animals, failed to show any protection in ~1400 infants enrolled in human clinical trials (3) . Regulatory agencies have tried to address these concerns by stressing the inclusion of in vitro experiments using immune cells collected from human blood, which recapitulate immunostimulation of lymphocytes, but they are unable to induce T-dependent antibody responses. Importantly, these in vitro assays were included in preclinical studies for both MVA85A and TGN1412, and they clearly were not predictive.
Humanized mice have been explored as a possible alternative; however, they are severely immunocompromised, require use of human fetal tissues which has ethical implications, and lack LNs, which causes defects in class switching, affinity maturation and long-lived plasma cell formation (32) .
In the present study, we show that the human LN Chip provides an in vitro, primary, patientspecific model for modeling antigen-induced immunological responses that recapitulates in vivolike LF formation, including coalescence of B and polarized T cells within large multicellular clusters, Ab class switching, and plasma cell development. Thus, this technology effectively describe simulates self-assembly of developing follicles in vivo; however, it also enables realtime visualization using high resolution microscopy, as well as longitudinal quantification of cytokines and class switched antibodies. We also show plasma cell formation within the LFs that self-assemble on-chip when challenged with three independent stimuli: IL4 combined with anti-CD40 Ab, SAC, and the clinically relevant Fluzone vaccine. In contrast, current methods for plasma cell culture rely on extensive cytokine stimulation of memory B cells, stromal cell coculture, and multiple rounds of manual handling (9, 33, 34) , and they still fail to recapitulate these features of LN architecture and function. Tonsil slices can be used to study antibody generation (9, 10), but human tissue biopsies can be difficult to obtain and maintain in culture, and it is not possible to carry out real-time visualization or easily collect effluents over time.
Our results also revealed new mechanistic insights into LF formation as we were able to observe follicle assembly without the addition of any chemical inducer or exogenous stromal or myeloid cells. This finding is consistent with recent studies of tertiary lymphoid organ formation, which suggest that lymphocytes possess all the necessary factors to induce LF formation (35, 36) .
We found that lymphocytes were polarized in 3D matrix culture under static and perfused conditions as the CD3 and CTLA-4 proteins could be seen asymmetrically localized, often at the synapse between two cells. Further analysis of this process revealed that LF formation and ECM fibril reorganization induced by fluid flow occurred concomitantly. Physical forces and ECM reorganization underlie many developmental processes and the microfluidic LN Chip can be used to explore this link between matrix realignment and LF formation in the future. The findings that 3D culture induces AID expression in B cells, and that the number of AID-expressing cells increases as the follicle size increases, are also novel. Further, our results revealed a link between CXCL13 induction and antigenic stimulation of follicle formation, as well as antibody production, by SAC and Fluzone, which may help to explain why serum CXCL13 levels predict vaccine responses in humans (24, 25) .
Thus, the human LN chip has advanced our understanding of LF physiology by revealing key environmental parameters that can reprogram blood lymphocytes to organize themselves into LFs, including cell composition, density, fluidic perfusion, and ECM realignment, in addition to the chemokine milieu. In addition, our findings raise the intriguing possibility that dynamic perfusion of LNs or tertiary lymphoid organs may actively promote LF formation and growth, which is consistent with the observation that lymphatic vessel development accompanies tertiary lymphoid organ development (37, 38) and LN formation can be inhibited by suppressing lymphatic vessel formation.
In vitro 3D models of the human LN have been explored in the past, such as the MIMIC system that mixes microbeads bound to T or B cells (11) , and the HuALN system that uses a continuously perfused mesh as a tissue-like support (12) . However, neither of these models produce detectable LF formation or robust plasma cell formation, and only modest production of IgG was observed. To our knowledge, the human LN chip is the first study to report selfassembly of 3D LFs and induction of germinal center-like structures expressing AID and CXCL13 in the absence of immunostimulation, and in response to fluidic perfusion alone.
We also observed unequivocal class switching using IL-4 and anti-CD40 Ab stimulation of chips created using naïve B cells mixed with bulk T cells. While these stimuli can induce class switching in 2D cultures of naïve B cells, treatment of human LN chips with IL-4 and anti-CD40
Ab lead to robust expansion of plasma cells that were preferentially localized in LFs, which does not occur in 2D cultures. Furthermore, while strong antigenic stimulation can drive Ab production and even plasma cell formation without requiring a germinal center, extrafollicular reactions are often restricted to IgM production and they do not support affinity maturation (7, 8) .
We did not investigate somatic hypermutation in this study, as our work was aimed towards generating a tool for preclinical testing of vaccines and immunotherapies; however, this could be explored in the future.
Testing new influenza vaccines and new viral strains is a huge burden on the healthcare system as the vaccines must be repeatedly optimized because recombination between influenza virus strains is very common and influenza surface antigens are highly mutable. Influenza vaccines are currently tested in ferrets and show only 30-60% protection in humans (39) . Accurate in vitro assessment of influenza vaccines and new strains with primary human cells, modeling the generation of plasma cells and class-switched antibodies would therefore be a significant advance, reducing the need to rely on animal models. Importantly, when we tested the utility of the human LN chip by vaccinating chips made from 10 independent donors with Fluzone, we detected donor-specific responses with formation of plasma cells in the more highly responding donors and production of cytokine biomarkers that replicated serum levels measured from vaccinated human volunteers. Thus, these data show that the human lymph node is a valuable preclinical tool that can overcome the limitations of humanized mice and inform clinical trials of vaccines. As we used bulk B and T cells in the human LN chips that were treated with Fluzone, it is possible that the high responders had preexisting memory for the Fluzone antigens.
However, we chose this strategy as it replicates the administration of seasonal influenza vaccines in human patients who have varying degrees of past exposure to the vaccine and closely related cross-reactive viral strains. Finally, the high sensitivity digital anti-HA ELISA described here can complement traditional methods of quantifying anti-influenza antibodies that can predict protection from influenza in seropositive donors. but are severely limited in sensitivity.
In summary, we describe an in vitro Organ Chip model of the human LN composed of donor specific primary lymphocytes and DCs that harnesses microfluidics to promote self-assembly of LFs that recapitulate several LN functions. Key improvements as compared to humanized mice and other reported in vitro systems including follicle formation, which can be observed over time in situ using high resolution imaging, timely induction of plasma cells as seen in vivo, Ab class switching, and cytokine production in response to multiple antigens, including a commercial influenza vaccine. The human LN Chip is also patient-specific, and it recapitulates donor variability in Ab responses to vaccination with Fluzone, further demonstrating its value as a preclinical tool to study vaccines and immunotherapeutic drugs in a patient-specific manner and inform future clinical trials. 
Methods and Materials
LN Chip Culture
Activation of human LN chip
Chips were treated with cytokines, antibodies, SAC and Fluzone via media perfusion through the top channel. Fluzone (BEI resources, NR-19879, 10ul/ml) or IL4 (Miltenyi Biotec, 130-094-117, 400u/ml) and anti-CD40 antibody (BioXcell, BE0189, 1ug/ml) treatment was initiated 2 days after seeding and SAC treatment was initiated 4 days after seeding (3 days of perfusion).
Fresh media was added to the inlet perfusion reservoirs as needed except for Fluzone
experiments where reservoirs were maintained as follows: media was recirculated for the first 5 days of treatment i.e. effluents were added back to the inlet perfusion reservoir. At day 5 and every 3 days thereafter, a 1:1 mix of effluents and fresh media was used for perfusion. This was done to ensure that the cytokine milieu was maintained and to limit and taper the amount of Fluzone consumed by the experiment.
Immunofluorescence Microscopy
To label B and T-cells for microscopy before seeding chips, lymphocytes were labeled with CellTracker dyes (Invitrogen, 1-2μM). LN Chips were fixed by filling the perfusion channel with 4% paraformaldehyde in phosphate-buffered saline (PBS, 1hr at room temperature, RT) and plugging the channel entry and exit ports with 200ul tips containing fixative. Similarly, chips were incubated with primary antibodies diluted in PBS containing 1% FBS and Fc Block (1:20 dilution;
Miltenyi Biotec, 130-059-901) overnight at RT, followed by several washes with PBS. Chips were then incubated with secondary antibodies diluted in PBS containing 1% FBS overnight at RT, followed by one-hour incubation with Hoechst (Life Technologies, H3570, 1:1000) and several washes at RT. ECM fibers were imaged using second harmonic imaging after fixation which allows the label-free imaging of biopolymers. Follicles were quantified using the surfaces function on Imaris (BitplanE) software (Supplementary Fig. 1D ). 
Quantification of T cell polarization
Samples were stained with a fluorophore labeled anti-CD3 antibody ( Table 1) . Using ImageJ software, random cells were selected, and the center of mass of each cell was defined. Next, the center of mass of the CD3-positive fluorescent region was determined for each cell, and then the absolute distance between the center of the cell and the center of the CD3-stained region was used to define T cell polarization, with greater distances indicating more polarization. * A test is defined as a volume of 100ul containing <1 X 10 6 cells. Where possible, the cell number was maintained at 5 X 10 5 cells in 100ul.
Immunoglobulin and Cytokine Quantification
Total immunoglobulin levels were measured using ELISA (Bethyl Biolabs, E80-104 or Mesoscale discovery, K15203D). Influenza HA-specific IgG was detected using a modified version of a previously described digital ELISA assay (29 Fig. 5) . Similarly, recombinant CXCL13, IFN-g, GM-CSF, IL-10, IL-7 and IL-2
were detected via sandwich digital ELISA using reagents listed in the chart below. Briefly, immune complexes were formed on beads in a 3-step format by 1) capturing target with antibody-conjugated beads, 2) binding with biotinylated detection antibody, and 3) labeling with streptavidin-β-galactosidase. In depth descriptions of Simoa assay development and performance have been previously reported (29 
